Abstract-The use of a light source as a beacon is advantageous for the guidance and control of Unmanned Underwater Vehicles (UUVs). This approach allows a follower UUV to determine its relative pose (position and orientation) using low-cost commercial off the shelf (COTS) hardware (e.g., metal halide light sources). In order to design an effective detector unit for the follower UUV and predict its performance, a simulator program has been developed. The program simulates a light field using hardware and environmental parameters describing the light source, water properties, the detector unit geometry and electronic sensitivity. The simulator allows examination of different 3D detector array shapes of varying sizes (physical dimensions and number of detectors). It is convenient to present simulator output as an image, where each pixel represents the intensity logged by a corresponding detector. These image outputs are evaluated for the development of control algorithms for UUVs. Currently control algorithms assume that the water column is uniform with a background noise of known origin. Considered control algorithms are able to provide guidance based on relative intensity values, where the light field samples on the detector array resembles a Gaussian beam pattern. However, disturbances in the medium (e.g., sediment plume) may cause non-uniform distribution of the scatterers that distort the beam pattern. As a result, the control algorithms could misinterpret the acquired image and direct the follower UUV away from the guiding beam. The probability for such a situation increases with distance as the beam diverges. This paper suggests an alternative approach for the development of UUV control algorithms using calculations of various moments of the image (e.g., local Hessian estimations). This method allows the evaluation of the array performance with different array geometries and a varying number of detector elements.
INTRODUCTION
Unmanned Underwater Vehicles (UUVs) are widely used for tasks that do not require human intervention or that are too dangerous for divers such as underwater pipeline inspection, minesweeping, and anti-submarine warfare [1] [2] [3] [4] [5] . In tasks covering large areas, the use of multiple UUVs acting in a formation may be more cost-and/or time-effective than a single vehicle. The crucial part of the success for such operations is reliable communication between the UUVs [6] [7] . This aspect is also important for UUV docking, collected data transfer to a storage unit, and remote charging of UUV batteries. These applications allow vehicles to stay submerged for longer periods and thus increase stealthiness of operations.
Optical communications have been widely used in aeronautical and astronautical applications [8] [9] . In the considered scenario, due to highly absorbing medium, communication occurs only over relatively short distance. Earlier literature has been considering only long-range acoustic communications (e.g., [10] ). Review of the research in this area and challenges of underwater optical communications are described in detail in the companion paper presented in this conference. Here, the authors focus on detector array design issues and robust processing of the recorded information. This work demonstrates that UUV lateral motion and rotation can be distinguished from each other by calculating moments of the acquired images (e.g., [11] ).
II. DETAILS OF SIMULATION

A. Assumptions
In this study, the point light source of the guiding beam (that is mounted on a leader UUV, data storage unit, or docking station) will be referred as "leader". The detector array is assumed to be square of size W and located on a spherical surface with a sphere center located on the central axis of the UUV. (A flat detector array is a particular case of the above with an infinite sphere radius R.) Detectors at the array corners are at some fixed distance from the follower's center irrespective of sphere radius. Their orientations are defined by vectors normal to the surface, i.e. connecting and detector location. A positive sphere radius corresponds to a convex surface and a negative sphere radius to a concave one. Obviously, for the above definition of array geometry, absolute value of R cannot be less than R 0 , where
B. Geometry
For convenience, the authors have chosen the leader light source to coincide with the coordinate system origin. The pose of a follower UUV is defined by six degrees of freedom (DOF) -a translation vector (with respect to arbitrarily chosen center point) and a rotation matrix described by Euler angles, a unit quaternion, or Rodrigues' parameters/vector. The Xaxis for the chosen geometry is coincident with the center of the guiding beam, and the Y-axis is parallel to the rows of the detector array in the initial follower position. The Z-axis is orthogonal to the XY plane, thus completing the orthogonal triad. Simulations have shown that it is not possible to decouple roll (rotation about the X-axis) from yaw or pitch because of the symmetry of the light beam. Instead, it is assumed that the follower has a stabilizer that maintains a fixed (zero) roll angle. Thus, the motion of the follower can be described as a 5 degree of freedom pose with respect to the light source.
C. Light field
The guiding light beam is two-dimensional Gaussian, pointed in a negative X direction, with a certain cut-off angle . Background noise from scattering and ambient light prevent identifying the beam pattern beyond the cut-off angle.
D. Controls
It is intuitively obvious that the wider the light beam, the easier it is for the follower to maintain connection with the leader (light is sensed by the detector array). However, wide beams lead to weak spatial gradients of the light field which complicates the determination of the follower's pose and makes the determination less robust. Thus, in the simulations in this study, the beam is sufficiently narrow to fit entirely on the detector array (i.e,, making the boundary detectors' intensity readings negligible). The location of the peak beam value,
, , is determined with sub-pixel accuracy, where and are the row and column coordinates for a given detector in the array, respectively. The problem is formulated as follows: Given the detectors' measured intensity values, determine the follower's relative pose with respect to the leader's body-fixed coordinate system. This pose information is then used as feedback to a control system which takes appropriate actions for positioning the follower accordingly. The latter task is not within the scope of this paper.
III. SIMULATION RESULTS
Lateral translation of the follower manifests itself in the shift of the Gaussian peak in the image representing readings from the detector array. However, the peak's shift is also observed when the follower changes its attitude. Figure 1 shows similarity between images in both cases. For better visualization, a 501 x 501 is used, and a maximum intensity is achieved for both lateral translation and yaw rotation at (343.75,250.0) (Here, following traditional image processing practice, the origin is located at the top-left of the image, the x-coordinate increases to the right, and the ycoordinate increases downward). The intention of this paper is to demonstrate that these two different cases (lateral motion and rotation) can be distinguished from each other by calculating moments of the acquired images (e.g., [11] ). This procedure is robust with respect to noise of known characteristics (for example, due to light scattering), and is effective with a relatively small number of array detectors.
The moments are defined as the weighted sum of the intensity values of the array detectors, , , with respect to :
where
Moments are calculated up to the second order, i.e., , , …
. In simulations, an image is calculated with the laterally translated follower fixed at some distance in Y and Z. All moments are calculated and the sub-pixel location of the maximum intensity is determined. Then, with no lateral translation, various combinations of pitch and heading of the follower are found with the same value. The moments for this case are also calculated and the chosen function of moments to differentiate between lateral and rotation motion is as follows:
For the geometry and parameters in study and taking into account the use of a flat detector array, the function value for lateral translation is found to be 1960 and 379 for pitch and heading approximately 15 from the ideal attitude). Note that these numbers are not constant. In fact, they vary depending on the specific conditions of each situation. However, it is clear that simple calibration of particular leader-follower pairs enables the differentiation between cases of translation and attitude deviation.
Let ratio of functions for two cases be a differentiation factor: ⁄ . It is found that spherical array leads to even better differentiation as shown in Figure 2 . Optimal differentiation is achieved at a specific array radius value. This optimal radius value is dependent upon the follower's location (lateral translation and lag with respect to the light source) and the array dimensions. The existence of a sharp peak in the differentiation factor F dif is due to the highly non-monotonic behavior of , while varies rather slowly.
The robustness of differentiation to noise assumes that noise is additive, uniform and unipolar in the range 0, . The follower's lateral translation with random noise added to all detector measurements is simulated 100 times, and the averaged pattern processed, leading to a matrix of calculated moments and locations of peak intensities determined with sub-pixel accuracy. Then the attitude of the follower is found which leads to the same location as that of the maximum intensity. This situation is also modeled 100 times and the function to calculate moments is chosen to be: ⁄ Noise strength is measured as a percentage with respect to the maximum intensity. Results show (Figure 3 ) that the noise levels exceeding 1% of the maximum intensity result in practically indistinguishable patterns.
One of the most important questions which arise in detector array design is how large an array should be for robust distinction between translation and attitude deviation cases. Simulations demonstrate that the same function of moments as above has the same discriminative power here as well. Figure 4 shows that the differentiation factor grows as number of detectors decreases. However, it should be noted that the function of moments decreases ( Figure 5 ) and thus measurements become more susceptible to noise. Most likely, the minimal number of detectors in the array which is sufficient for robust differentiation depends on the particular geometrical design of the follower and environmental conditions. This number must be determined experimentally.
Analytical simulations are also conducted for concave detector arrays with the individual detectors oriented towards the center of an imaginary sphere, the center of which lies on the main axis of the follower. Accurate modelling requires ensuring that the rays connecting the leader's light source with individual detectors pass above the rim formed by the spherical array sides. Experiments with a convex array do not show significant differences to that of a spherical array.
IV. CONCLUSIONS
This paper demonstrates that given a square array of detectors, although the direct detector intensity measurements of the follower UUV cannot be directly used for quantitative determination of follower's pose with respect to the light source, the recorded intensities can be presented as an image, processing of which allows for robust differentiation between the types of follower's deviation from the desired trajectory. Simple and fast calculations of image moments, which can be performed in hardware, may provide essential follower pose information to the implemented control system to enable appropriate actions required for corrections in the follower's trajectory. Sufficiently strong noise in detectors' measurements (of any nature) can make the deviation types indistinguishable. Curved shape of the detector array (as compared to flat array) can dramatically improve discriminatory power of the proposed moments' method. 
